Background: Density plot visualizations (also referred to as heat maps or color maps) are widely used in different fields including large-scale omics studies in biological sciences. However, the current color-codings limit the visualizations to single datasets or pairwise comparisons.
Background
Color-coded representations of differences between omics datasets provide an intuitive and global comparative view of the data [1] . Such visualizations further facilitate the use of human pattern recognition abilities to complement the automated approaches to pinpoint subtle differences [2] . Currently, most visualizations are limited to pairwise comparisons where differences of interest between two corresponding datapoints are mapped onto color gradients for positive or negative ranges. In addition, results of statistical tests (F ratio, z-score, quartile analysis, etc.) performed across multiple datasets can be visualized to highlight sets of corresponding datapoints containing a difference [3] . These results, however, do not provide information about the actual distribution of the corresponding datapoints -which of them are similar or differ-ent. Often, three (sets of) omics datasets are compared to gain insight into biological function [4] [5] [6] [7] [8] . Intuitive threeway comparisons can further be useful for specific applications such as in drug discovery where therapeutic equivalence studies may include a control and two different treatments, namely the tested and accepted drug and a new compound under development.
Here, we propose a novel color-coding approach for the visualization of three-way comparisons. The approach is based on the HSB (hue, saturation, brightness) color model [9] . The hue component of the HSB color model provides a convenient way to perform smooth color transitions making it a popular choice for density plot (color map, heat map) visualizations. We also employ another feature of the hue component, namely its circular nature, to perform mappings of possible distributions of three compared values onto the color space. The proposed color-coding approach facilitates intuitive overall visualization of three-way comparisons of large datasets.
Results
The basic color scheme, based on the HSB model, is shown in Figure 1 together with color representations for three-way comparisons of selected sets of values. The color representations were calculated according to the proposed procedure described in the Methods section. When the three compared values are identical, the resulting color is white ( Figure 1 , rows 1-3). If two of the values are identical and one of them is different, the resulting color corresponds to the hue characteristic of the differing value. For example, if a is the different value, the resulting color is red (rows 4-7); if b is the different value, the resulting color is green (rows [8] [9] [10] [11] ; and if c is the different value, the resulting color is blue (rows 12 and 13).
When all three values to be compared are different, the color representing their three-way comparison is selected from the color gradient running between the characteristic hues of the two most distant values (measured by the absolute value of their difference). The exact color depends on the relative position of the remaining value between the two most distant values. If a and b are the most distant values and c lies half way between them, the resulting color is yellow (rows 14-17). If c lies closer to b, the color becomes orange (row 29) and if c lies closer to a, the color becomes yellow-green (row 30). Similarly, if a and c are the most distant and b lies half-way between them, the resulting color is pink (rows 18-24). If b and c are the most distant and a lies half-way between them, the resulting color is cyan (rows 25-28).
The saturation of the colors indicates the extent of differences between the values. When two of the compared values are identical and one is different, the saturation value corresponds to the distance between the two identical values and the unique value (e.g. rows [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . If all three values are different, the saturation corresponds to the distance between the two most distant values (e.g. rows 18-28).
To contrast other color schemes with our proposed colorcoding method, Figure 1 also shows colors which result from direct substitutions of the compared values into RGB (red, green, blue) and CMYK (cyan, magenta, yellow, black) color models. Identical values lead to colors from white to black (grayscale) gradient for both color models (rows 1-3). Distributions, in which two compared values are identical and one is different (rows 4-13) can each be represented by one of two colors with varying brightness. If a ≠ b = c, direct RGB coding leads to red if a > b = c (rows 4 and 7) or cyan if a <b = c (rows 5 and 6). For both RGB and CMYK direct coding, using two colors per distribution group (separated by horizontal lines in Figure 1 ) may provide additional distinguishing features for individual distributions, but also lead to undesirable ambiguities. For example, the RGB colors for rows 18-20 corresponding to a ≠ b ≠ c and b lies half-way between a and c are very similar to cyan, corresponding to a ≠ b = c (rows 5, 6) and blue corresponding to a = b ≠ c (row 12). Other similar sources of ambiguity can be found in both RGB and CMYK columns of Figure 1 . Moreover, the brightness of the colors given by direct RGB or CMYK coding cannot be interpreted easily. For RGB direct coding, in some cases smaller absolute differences lead to darker colors (e.g. rows 4 and 7) while in other cases identical absolute differences lead to different brightness of the color (rows 21 and 22). For all these reasons the proposed color-coding approach appears superior for intuitive visualization of three-way comparisons.
To illustrate how the visualization method can be used to analyze experimental data, we applied the proposed color-coding method to direct three-way comparisons of metabolite profiles. Three groups of replicate quantitative metabolite profiles (n = 5) derived from capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS) analysis of mouse liver samples were used for the comparison. The datasets originate from our previous work [2] . Replicate datasets from each group were normalized and averaged into single datasets which are visualized as density plots in Figure 2 . In this case the data is represented in three dimensions as a map of signals in time (x-axis), molecular mass (m/z), and intensity (color). An additional filter dataset was generated by calculating the F ratio (one-way ANOVA) for the groups of all corresponding signal intensities from the original replicate datasets. A moving average smoothing filter (window size 9) was applied to all electropherograms in the filter dataset. The averaged datasets ( Figure 2) were used for the generation of an initial three-way comparison result (not shown). This preliminary comparison was then processed to remove signals for which the corresponding F ratio value in the filter dataset was below a threshold value of 3.9 (corresponding to p = 0.05 when comparing three groups of five replicate values). The final filtered three-way comparison result is shown if Figure 3a .
Parts of the data corresponding to the vicinity of the most significant differences according to the three-way comparison results (Figure 3a) in the normalized replicate datasets are shown in Figure 4 in the form of overlaid extracted electropherograms. These represent the mass electropherograms of metabolite profiles obtained from CE-TOFMS and are used here to confirm visually that the signals are genuine and not due to noise or other artifacts. This results in a darkening in the color of the spots that is proportional to the size of the corresponding peaks in the overlaid dataset. Peaks, which do not differ significantly among the three compared averaged datasets, lead to no signals on the filtered three-way comparison result ( Figure  3a ), but appear as gray spots in Figure 3b (e.g. labels 50, 177, 300) providing both a global overview of total sample composition and instant visualization of specific differences.
Discussion
Visualizations using the proposed color-coding approach provide intuitive overall views for three-way comparisons of large datasets. These visualizations further allow identification of signals different specifically in one of the three datasets or signals different for all three compared datasets.
One limitation of the proposed color-coding is that distributions such as a > b = c and a <b = c produce the same result. In other words, if red, green, and blue are the characteristic hues for the three compared values, a red coloration only indicates that b and c are identical and that a is different. It does not specify whether a is greater than or smaller than the other two. Similarly, a yellow coloration indicates that a and b are the most distant values while c lies half-way between them. It does not specify which of a or b is greater than c. However, in most cases, simply knowing which of the three values are similar or different
Metabolite profiles for the three-way comparison Figure 2 Metabolite profiles for the three-way comparison. Mouse liver extract metabolite profiles acquired by CE-TOFMS two hours after intraperitoneal injection with (a) vehicle (Control), (b) diethylmaleate (DEM), a non-protein thiol-depleting chemical, or (c) buthionine sulfoximine (BSO), an inhibitor of γ-glutamylcysteine synthase. The plotted datasets are averages of five normalized replicate datasets for cation measurements originating from our previous work [2] . The averaged datasets are visualized as density plots. For all plots, numbered ovals (annotation labels) indicate the expected locations of peaks of a set of known chemical compounds and are used for identification of metabolites on the density plots [2, 3] . Three-way comparison of metabolite profiles Figure 3 Three-way comparison of metabolite profiles. (a) Absolute × relative three-way comparison of metabolite profiles shown in Figure 2 . Averages of replicate datasets (n = 5) were used for the three-way comparison. The resulting dataset was filtered using F-ratio (one-way ANOVA) to select only statistically significant differences as described in the main text. is the main objective and may be sufficient initially. The exact distribution can be confirmed subsequently (e.g. on the chromatograms generated for candidate differences) or undesirable distributions can be filtered out from the three-way comparison results.
Alternative color-coding approaches for three-way comparisons are also possible. For example, normalizing the three compared values and using these directly as specifiers for the RGB (red, green, blue) color model provides a unique color-coding. However, the resulting colors do not represent the three-way differences as intuitively as the colors generated by the proposed approach.
Conclusion
The proposed color-coding approach allows intuitive overall visualizations of three-way comparisons of large datasets. The approach was demonstrated with metabolomic datasets but it can equally be applied to extend the visualizations of pairwise comparisons of gene expression data [1, 10, 11] or pathway-based visualizations [12, 13] to three-way comparisons. Beyond omics data visualization in biological research, the generic nature of the color-coding approach is likely to extend its applicability to an even wider array of data analysis fields where a visual comparison of any three signals is desirable.
Methods

Color-coding for three-way comparisons
The color-coding for the representation of a three-way difference between three corresponding datapoints (a, b, and c) is based on the HSB (hue, saturation, brightness; ranges from 0 to 1) color model. The hue value of the color representing the three-way comparison of a, b, and c is calcu- The calculation can also be viewed as first assigning specific hue values (0 ≤ H a <H b <H c < 1) to each of the three datapoints (e.g. red to a, green to b, and blue to c). The two most distant datapoints are then found. The distance is measured as the absolute value of their difference. A color gradient is then generated according to the identity of the two most distant datapoints (e.g. red to green color gradient if a and b are the most distant). The gradient may take two possible paths between the two characteristic hue values on the circular hue scale. The gradient path is chosen so that it does not cross the characteristic hue value of the third datapoint (the red to green gradient from the above example would run via the yellow hue to avoid the blue hue). The resulting hue value is then selected from the gradient according to the relative position of the third datapoint between the two most distant datapoints. So if a (red, hue value 0) and b (green, 1/3) are the most distant datapoints, the resulting hue value would be 0 (red), 1/3 (green), 1/6 (yellow) or 1/12 (orange) if c = b, c = a, |a -b| = 2 |b -c| or |a -b| = 4 |b -c|, respectively. If the values of the three compared datapoints are identical, the hue value is irrelevant since the saturation value is set to 0 resulting in white color as described in the next paragraph.
Candidate differences
The saturation value of the color representing the threeway comparison is calculated using one of the following equations, according to the signals distribution:
where x corresponds to the distance between the two most distant signal intensities and X min and X max correspond to the beginning and the end of a scale of interest (0 ≤ X min <X max ). The color saturation then indicates the extent of the three-way difference between the compared signal intensities. This procedure provides what we coin as an absolute three-way difference. If the distance between the two most distant corresponding datapoints (x) in the formula above is divided by Max [|a|, |b|, |c|, x], we coin this result as a relative three-way difference. Multiplying the corresponding saturation values from the absolute and relative three-way comparison results amplifies differences significant in both absolute and relative terms (absolute × relative three-way difference). The resulting saturation values from any of the results can further be modified to suppress/enhance big/small values (by raising them to a certain power for example).
The brightness value of the color representing the threeway comparison is set to 1 by default. However, the brightness can be used to encode additional information relating to the three-way comparison. One possibility is to use the brightness to extend the scale representing the extent of three-way difference. Once saturation reaches the maximum along the scale axis, the brightness could be lowered to a certain degree, causing darkening of the color. The color gradients along the signal intensity scale could thus be further extended. Another possibility is to use the brightness value to overlay additional data (e.g. one of the three compared datasets) onto the three-way comparison result (Figure 3b ).
The scale of interest, along which three values are compared, is not always linear. For example, the most different value among three values is not necessarily the one whose distance (absolute value of the difference) from the others is greatest, on a linear scale. In such cases, it is essential to preprocess the compared values accordingly (e.g. by taking the logarithm of the three values) prior to the calculation of a color representing the three-way comparison.
Three-way comparisons of metabolite profiles
A Mathematica (Wolfram Research, Inc.) package Tri-DAMP was implemented to facilitate direct three-way comparisons of raw metabolite profiles. This package is an extension for MathDAMP [3] and is available for academic use upon request to the authors. In addition to the generation of the three-way comparison visualizations, the TriDAMP package further facilitates filtering of the results according either to the extent of the difference, to the distribution of the three compared datapoints (which of them must or must not differ), or to statistical significance when comparing three groups of replicates. Overlaid extracted ion chromatograms from the compared normalized datasets corresponding to the vicinities of the most significant three-way differences can be generated in a ranked order. User modifications of the TriDAMP code could make it applicable to data other than that resulting from metabolomics analysis. More complete information about the TriDAMP package is available by referring to the online documentation [14] .
